The APOE 4 allele is a risk factor for late-life pathological changes that is also associated with anatomical and functional brain changes in middle-aged and elderly healthy subjects. We investigated structural and functional effects of the APOE polymorphism in 18 young healthy APOE 4-carriers and 18 matched noncarriers (age range: 20 -35 years). Brain activity was studied both at rest and during an encoding memory paradigm using blood oxygen level-dependent fMRI. Resting fMRI revealed increased ''default mode network'' (involving retrosplenial, medial temporal, and medial-prefrontal cortical areas) coactivation in 4-carriers relative to noncarriers. The encoding task produced greater hippocampal activation in 4-carriers relative to noncarriers. Neither result could be explained by differences in memory performance, brain morphology, or resting cerebral blood flow. The APOE 4 allele modulates brain function decades before any clinical or neurophysiological expression of neurodegenerative processes.
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hippocampus ͉ memory ͉ neuroimaging ͉ resting connectivity A polipoprotein E (apoE, protein; APOE, gene) is a very-lowdensity lipoprotein that removes cholesterol from the blood and carries it to the liver for processing (1) . In the central nervous system, apoE has a key role in coordinating the mobilization and redistribution of cholesterol, phospholipids, and fatty acids, and it is implicated in mechanisms such as neuronal development, brain plasticity, and repair functions (2) . The human APOE gene, which is encoded on chromosome 19, has 3 allelic variants (2, 3, and 4). The 4 allele has been associated with a higher risk of cardiovascular disease (3) , both early-onset (4) and late-onset (5) Alzheimer's disease (AD), poor outcome from traumatic brain injury (6) , and age-related cognitive impairment (7) .
Neuroimaging studies of the APOE polymorphism in healthy subjects have largely focused on gray matter (GM) alterations in middle or late life, particularly in brain regions associated with the greatest AD pathological findings. Even in asymptomatic subjects, hippocampal and frontotemporal GM reduction has been observed in APOE 4-carriers relative to noncarriers (8) . Moreover, a reduction of resting glucose metabolism was reported in young and middle-aged cognitively normal APOE 4-carriers in brain regions known to be affected by AD, including the posterior cingulate, parietal, temporal, and prefrontal cortices (9) (10) (11) . fMRI task-based studies (mainly investigating memory processes) have shown greater activation in middle-aged and elderly APOE 4-carriers relative to noncarriers (12) (13) (14) (15) (16) . Although these studies suggest an influence of the APOE 4 allele on brain structure and metabolism, they do not make clear at what age these influences initially manifest. Furthermore, although differences in structure, resting metabolism, and function have each been reported in 4-carriers relative to noncarriers, it remains to be established to what extent these characteristics interact.
Thus far, reports of structural and functional effects of the APOE 4 allele in young adults are limited (17) (18) (19) (20) . Only 2 small fMRI studies have tested for early life associations of the APOE polymorphism with changes in brain function. Filbey et al. (18) reported greater activation in 8 APOE 4-carriers compared with 8 noncarriers in medial frontal and anterior cingulate areas using a working memory paradigm. Mondadori et al. (17) reported reduced activation with an associative learning paradigm in 13 4-carriers relative to 11 2-carriers and 10 3-homozygotes. Both studies therefore suggest that the APOE genotype influences brain functions even early in adulthood.
Here, we used a multimodal MRI protocol to investigate structural and functional neurophysiological characteristics of 18 APOE 4-carriers and 18 noncarriers, with ages ranging from 20 to 35 years old. Our first aim was to measure differences in spontaneous fluctuations in resting brain function in 4-carriers relative to noncarriers using resting-state fMRI. Brain regions showing a strong temporal coherence (coactivation) in lowfrequency fluctuations (less than 0.1 Hz) are defined as ''resting state networks'' (RSNs), and they reflect intrinsic properties of functional brain organization (21) . We were specifically interested in studying the effect of the APOE 4 allele on an RSN called the ''default mode network'' (DMN), which includes the prefrontal, anterior and posterior cingulate, lateral parietal, and inferior/middle temporal gyri; cerebellar areas; and thalamic nuclei and extending to mesial temporal lobe (MTL) regions (22) . The DMN is affected by neurodegenerative processes (23); both AD patients (24) and people with amnestic mild cognitive impairment (aMCI) (25) are reported to have reduced coactivation of hippocampal and posterior cingulate regions.
Our second aim was to test for the effects of APOE genotype on task-related activations. Because the MTL and hippocampi, in particular, are the earliest brain regions to show pathological signs in AD (26) , and because APOE receptors in the brain are mainly expressed in the hippocampal-entorhinal cortex complex (27), we selected a blood oxygen level-dependent (BOLD) fMRI task that preferentially activates MTL regions: the ''novel vs. familiar'' memory-encoding paradigm has been widely used to demonstrate robust hippocampal activation (28, 29) .
Finally, we tested whether resting or task-related BOLD differences between 4-carriers and noncarriers were associated with underlying subject-specific anatomical or resting brain perfusion (30) measures. degree). There were no differences in memory recognition performance or reaction times on the fMRI task (Table 1) .
Resting State fMRI. Probabilistic independent component analysis (ICA) (31) defined 25 components representing group-averaged networks of brain regions with BOLD fMRI signals that were temporally correlated. The DMN was identified as including BOLD fMRI signal in the prefrontal, anterior and posterior cingulate, lateral parietal, and inferior/middle temporal gyri; cerebellar areas; and thalamic nuclei and extending to MTL regions ( Fig. 1A) (22) . To investigate group differences in the DMN, individual DMN maps were estimated. A significantly increased degree of coactivation (measured by the regression coefficient as part of the ''dual-regression'' approach) within the DMN in 4-carriers relative to noncarriers was found bilaterally in MTL regions [head of the hippocampus and amygdala; degree of coactivation increased by a factor of 5.3 (left) and 3.7 (right)] and in the medial-prefrontal (increase in coactivation by a factor of 2.5) and retrosplenial (increase in coactivation by a factor of 2.1) cortices (Fig. 1B ). There were no brain regions where 4-carriers had decreased coactivation relative to noncarriers. For comparison, we also investigated group differences in ''visual cortex'' (VC) and ''sensorimotor'' (SM) RSNs (31) . No significant differences between 4-carriers and noncarriers were found in the VC RSN, but 4-carriers had an area of increased coactivation in the SM RSN localized to the right medial postcentral gyrus (peak coordinates in standard space: x ϭ 10, y ϭ Ϫ34, z ϭ 54) but with a degree of increased coactivation (increase by a factor of 1.4) notably lower than the observed differences in the significant clusters within the DMN.
Memory Task fMRI. For all subjects, the novel vs. familiar contrast revealed increases in BOLD fMRI signal intensity in the hippocampus, temporal fusiform cortex, and parahippocampal gyrus bilaterally and in association areas in the frontal, parietal, and occipital lobes ( Fig. 2A) , as previously described (16, 32) . A voxel-wise analysis revealed greater right hippocampal activation in APOE 4-carriers relative to noncarriers for this contrast [reporting here and below, maximum z score, cluster size in voxels, and peak coordinates in standard space: 3.2, 241, and (22, Ϫ20, Ϫ10), respectively] (Fig. 2B ) or when compared with the BOLD signal at rest [3.1, 333, and (26, Ϫ10, Ϫ20), respectively]. To investigate further this apparent laterality of effects in the hippocampus, possibly attributable to the nonverbal nature of the stimuli, subject-specific hippocampal masks were used to extract the BOLD signal change for each contrast in each hemisphere. Hippocampal signal change was, on average, 32% (range: 20-40%) greater in APOE 4-carriers than in noncarriers in the significant contrasts (Table 2 ). Region-of-interest (ROI) analyses detected a significant bilateral effect, such that the group difference in the left hippocampus was just subthreshold in the whole-brain analysis; thus, hippocampal group differences are regarded as bilateral. No difference in the mean size of the mask used to extract BOLD signal change was observed between the 2 groups [left hippocampus: 4-carriers (3.97 Ϯ 0.46 mL), noncarriers (4.11 Ϯ 0.40 mL), P ϭ 0.36; right hippocampus: Values denote mean (Ϯ SD) or numbers of subjects. 4-carriers (4.43 Ϯ 0.64 mL), noncarriers (4.54 Ϯ 0.60 mL),
Greater activation in the dentate nucleus, anterior midbrain, and lateral and cortical portions of the cerebellum was also found in APOE 4-carriers when novel images were compared with familiar images (Fig. 2B) [3.8, 1,737, and (36, Ϫ58, Ϫ46); 3.54, 1,588, and (40, Ϫ65, Ϫ56)]. There were no brain regions in which noncarriers showed greater activation than 4-carriers. There were no significant group differences for the familiar vs. novel or rest vs. novel contrasts. Absolute and relative motion parameters were similar between the 2 groups, and inclusion in the model did not alter the results.
Brain Morphology and Physiology. No group differences were observed in whole-brain volume or in segmented GM, white matter, cerebrospinal fluid, or hippocampal volumes (Table 3) . Moreover, no differences were found between the 2 study groups in GM concentration, using FMRIB Software Library (FSL) voxel-based morphometry (VBM) (33) . Similarly, no significant differences were observed in resting brain perfusion using an ROI-based analysis of the hippocampi and 4 main lobes (frontal, temporal, parietal, and occipital).
GM and resting brain perfusion maps were separately added as covariates in the memory-encoding fMRI analysis model. BOLD group contrast differences observed between APOE 4-carriers and noncarriers were not affected by adding these covariates, and hippocampal, anterior midbrain, and cerebellar activation survived as clear differences between the 2 groups. Group differences in DMN coactivation also survived when GM and resting cerebral blood flow values were added as covariates.
Discussion
In young adults, the APOE genotype is associated with differences in resting and task-related BOLD fMRI. APOE 4-carriers have increased hippocampal coactivation within the DMN during rest and greater hippocampal activation during a memoryencoding task in the absence of any differences in brain volume, resting brain perfusion, or memory performance. These effects of the 4 allele are shown together early in adulthood, before any degenerative processes are postulated to have taken place or cognitive impairments can be detected.
Increased Coactivation in the DMN in APOE 4-Carriers. Using a data-driven approach, we have shown that APOE influences hippocampal function even in the absence of a specific task. Interestingly, previous investigations of the DMN in AD and aMCI patients reported a reduction in coactivation of the hippocampus (24, 25) . The difference between our results and the previous observations in patients with AD or aMCI may relate to hippocampal atrophy (30), normal aging, or factors related to disease progression. Further studies are required to establish the link between RSNs and structural changes associated with age or neuropathological findings. However, the increases in coactivation we observe suggest that the function of those areas subject to the disease process in AD are modulated by the presence of the APOE 4 allele even in young adults.
Increased Task-Based Activation in APOE 4-Carriers. Because the APOE 4 allelic variant is the best-established genetic risk factor for AD and also is associated with hippocampal structural and metabolic changes in midlife, we specifically targeted the MTL using an encoding memory task. The novel vs. familiar memory- encoding paradigm robustly activated hippocampal regions in our young sample, with the magnitude of signal change being similar to that reported in previous studies (34) . The greater task-related activation observed in APOE 4-carriers relative to noncarriers is consistent with previous studies in middle-aged or elderly subjects investigating memory processes (12) (13) (14) (15) (16) . In particular, Bookheimer et al. (12) , Bondi et al. (14) , and Fleisher et al. (16) observed increased hippocampal activation in APOE 4-carriers using a task similar to that used in our study. Here, we suggest that the genotypic contribution to the hippocampal activation manifests decades before potential neurodegenerative or age-related processes.
Greater activation for the novel vs. familiar contrast was also observed in cerebellar and anterior midbrain regions. However, whereas the genotype difference in hippocampal activation was also present for the novel vs. rest condition, the midbrain and cerebellar activation difference was not. Hippocampal-midbrain interactions defined by fMRI have been reported recently during encoding (35) . Moreover, the cerebellum has a well-established role in higher cognitive functions, including memory processes (36, 37) , possibly subserving long-term memory encoding and information storage (36) . However, because the midbrain and cerebellum are not directly affected by AD pathological changes, these contributions to BOLD signal increase in 4-carriers may be secondary to effects in the hippocampus.
Brain Morphology and Resting Perfusion. The magnitude of BOLD signal changes is determined by the interaction between increases in cerebral blood flow, cerebral blood volume, and rate of oxygen consumption (38, 39) and is affected by differences in resting cerebral blood flow and local GM structure. We found no differences in GM volume or resting perfusion between APOE 4-carriers and noncarriers using either whole-brain or ROIbased approaches, consistent with interpretation of these results as suggestive of activation-related neurophysiological changes. Relative to the structural or perfusion measures used here, BOLD fMRI appears to be the most sensitive imaging marker of characteristics associated with APOE 4 allele variation. However, previous studies in older subjects have reported reduced hippocampal volume in 4-carriers relative to noncarriers (8) . Moreover, reduced left entorhinal cortex thickness was reported in a large study of child and adolescent 4-carriers relative to noncarriers (19) , although this difference was influenced by larger volumes in 2-carriers. Older 4-carriers have also been reported to have increased resting cerebral blood flow relative to noncarriers (40) . Sample size or age may have contributed to the lack of significant difference in morphological features or resting perfusion between 4-carriers and noncarriers. Any subthreshold differences were tested for in our fMRI analysis by adding GM and resting perfusion maps as covariates; these did not change the results. Physiological Interpretation. Greater task-related activation in APOE 4-carriers relative to noncarriers in hippocampal regions has previously been interpreted as reflecting greater cognitive ''effort'' by 4-carriers to obtain the same level of performance as their noncarrier counterparts (14) .
This interpretation seems more difficult to apply to young healthy adults who are many decades away from potentially manifesting cognitive decline. It is possible that results reflect neuronal mechanisms to compensate for processes, such as reduced synaptic plasticity (41-43), neuronal growth (44, 45) , or altered long-term potentiation (LTP) (46, 47) in people carrying the 4 allele. LTP in the hippocampus is a widely accepted model for the cellular basis of learning and memory (48) , and it has been reported to be selectively affected by the apoE4 isoform (46, 47) . Moreover, increased levels of fatty acids, known to regulate LTP processes (49), have been observed in hippocampal regions in mice genetically engineered to have an AD-like condition (50) . Sanchez-Mejia et al. (50) suggested that an excess of arachidonic acid, a subtype of fatty acid, may lead to overstimulation of the brain cells, potentially determining a chronic increase in excitatory neuronal activity. Our observation of increased hippocampal BOLD signal both at rest and during a memory task could be explained by such a mechanism. Our finding of increased coactivation of a unilateral medial parietal area with the SM RSN in 4-carriers relative to noncarriers suggests that the influence of the APOE genotype may not be exclusive to the hippocampus and/or memory system. A greater insight into the effects of this gene and the different allelic variants on neurophysiological processes certainly warrants further investigation.
Conclusion.
We have shown that the influence of the APOE 4 allele on neurophysiological characteristics in young adults can be detected by measuring both resting and task-related function. BOLD fMRI thus emerges as the most sensitive measure of genotypic differences in this age range rather than either brain morphology or resting perfusion measures. It is important for future studies of larger samples to replicate these results and establish how these measures change with age. Longitudinal studies are required to determine whether increased coactivation within the DMN at rest, increased task-related BOLD signal, or both together are associated with a higher risk of developing later pathological changes. Finally, these data indicate that the APOE 4 allelic variant plays a fundamental role in brain function, notably (but not exclusively) within the memory system, decades before any clinical expression of neurodegenerative and/or aging processes occurs. A brain-specific effect exerted by the APOE 4 allele on the hippocampus may confer systematic vulnerability in the memory system in people carrying this allelic variant.
Materials and Methods
Participant Recruitment. A total of 98 right-handed subjects aged 20 to 35 years old were recruited in Oxfordshire, United Kingdom. Exclusion criteria were current or past history of neurological or psychiatrical disorders, memory complaints, head injury, substance abuse (including alcohol), corticosteroid therapy, and youth diabetes therapy. Subjects were screened for APOE genotype (using a cheek swab sample) and then selected for the study on the basis of either having an 4 allele (carrier) or being matched for gender, age, and educational level with an 4-carrier (noncarrier). The study was approved by the local ethics committee, and informed consent was obtained from all subjects. APOE Genotyping. DNA was extracted from cheek swab samples of subjects according to standard procedures to allow PCR for the characterization of APOE genotype. The genotyping process was conducted at the Wellcome Trust Centre for Human Genetics in Oxford. The genotyping process was successful for 84 of 98 subjects. Fourteen samples could not be genotyped because the procedure failed to detect the APOE allelic variants. The APOE genotype distribution of our sample reflected the distribution expected in the normal population ( 2 ϭ 2.424, df ϭ 5, P ϭ 0.96) (51 Because the APOE 2 allelic variant is relatively rare and has been reported to have a protective effect against AD (52) and cardiovascular diseases (53) , and because it is also associated with increased longevity (54), we included only people carrying the APOE allelic combinations 34 and 44 (''4-carriers'' group) and 33 (''noncarriers'' group). Eighteen 4-carriers and 18 matched noncarriers consented to undergo the neuroimaging protocol.
Neuroimaging Protocol. Scanning was performed at the University of Oxford Centre for Clinical Magnetic Resonance Research using a 3-T Siemens Trio scanner with a 12-channel head coil. The neuroimaging protocol comprised functional, perfusion, and structural sequences as follows. Perfusion MRI. Whole-brain perfusion imaging was performed using pulsed arterial spin labeling (ASL) with a 3D gradient spin echo readout. ASL data were collected at multiple inflow periods, starting at 400 ms and ending at 2,400 ms in increments of 200 ms. This multiple inflow method allows for estimation of the time for the magnetically tagged blood to reach the imaging volume [i.e., arterial transit time (in units of seconds)], resulting in improved confidence in the resting perfusion quantitation (TR ϭ
fMRI (Task)
. Encoding memory was assessed from a single run using a single gradient echoplanar imaging (EPI) sequence covering the whole brain [repetition time3,136 ms, TE ϭ 40 ms, field of view ϭ 200 ϫ 200 ϫ 130 mm, 26 slices, voxel dimensions ϭ 3.125 ϫ 3.125 ϫ 5 mm, acquisition time ϭ 11 min).
fMRI (Rest)
. Whole-brain functional imaging was performed using a gradient echo EPI sequence (TR ϭ 2,000 ms, TE ϭ 28 ms, flip angle ϭ 89°, field of view ϭ 224 mm, voxel dimension ϭ 3 ϫ 3 ϫ 3.5 mm, acquisition time ϭ 6 min 4
s).
Structural MRI. High-resolution 3D T1-weighted MRI scans were acquired using a magnetization-prepared rapid gradient echo sequence (TR ϭ 2,040 ms, TE ϭ 4.7 ms, flip angle ϭ 8°, field of view ϭ 192 mm, voxel dimension ϭ 1 mm isotropic, acquisition time ϭ 12 min).
Experimental Task. Programming of the paradigms was carried out using Presentation (Neurobehavioral Systems). A set of 91 colored pictures was used representing animals and landscapes similar in complexity, brightness, and contrast; emotionally neutral; and with no persons represented. Eight pictures (4 animals and 4 landscapes) were randomly chosen to comprise the group that participants had to familiarizes themselves with. The 8 familiar images were displayed to each subject 8 times outside the scanner in a pseudorandom order on a personal computer (PC) screen [image presentation ϭ 3,250 ms, interstimulus interval ϭ 500 ms, between-block interval (fixation cross) ϭ 5,000 ms]. Subjects were instructed to inspect each picture and select from a 2-button response according to whether the images contained animals. To ensure that participants had satisfactorily encoded the familiar images, a memory task (8 familiar plus 8 unfamiliar images with the same number of animals and landscapes presented in pseudorandom order) was performed. Subjects were asked to select between 2 buttons whether the images were familiar or different, and they all scored 100%. Inside the scanner but before data collection, the 8 familiar images were presented another 2 times to allow subjects to familiarize themselves with viewing the stimuli in the scanner. Foam padding and a head restraint were used to control head movement.
During the scanning session, images were displayed in pseudorandom order in a blocked design fashion with 6 blocks each of 8 familiar and novel images. Familiar images were presented in a different order each time, and novel images comprised a total of 48 images (24 animals and 24 landscapes) (image presentation ϭ 3,250 ms, interstimulus interval ϭ 500 ms, block duration ϭ 30,000 ms). Between each block of images was 15,000 ms of rest, during which subjects passively viewed a fixation cross (a total of 12 rest blocks). Subjects were instructed to select from a 2-button response according to whether the images contained animals. Responses were monitored by the scanner operators to ensure compliance and accuracy and were registered by the software in a text file. Participants were also instructed to try to remember the images for a subsequent memory task.
Outside the scanner, Ϸ50 min after imaging, 83 images were presented on a PC screen for 4,000 ms each (interstimulus interval ϭ 1,000 ms). The 48 novel images, the 8 familiar images, and 27 ''distractors'' (images never seen before: 13 animals and 14 landscapes) were displayed in pseudorandom order. Subjects had to select between 2 buttons according to whether the images had been seen inside the scanner or not.
Image Analysis. Data analysis was carried out using FSL tools (www.fmrib.ox. ac.uk/fsl).
fMRI (Rest)
. fMRI analysis at rest was carried out using Multivariate Exploratory Linear Optimized Decomposition into Independent Components (MELODIC) (31) . For the resting-state scan, subjects were instructed to lie in dimmed light with their eyes open, to think of nothing in particular, and not to fall asleep. Individual prestatistical processing consisted of motion correction, brain extraction, spatial smoothing using a Gaussian kernel of full-width at halfmaximum (FWHM) of 6 mm, and high-pass temporal filtering equivalent to 150 s (0.007 Hz). fMRI volumes were registered to the individual's structural scan and standard space images using FMRIB's Nonlinear Image Registration Tool (FNIRT). Preprocessed functional data containing 180 time points for each subject were temporally concatenated across subjects to create a single 4D data set.
The between-subject analysis of the resting data was carried out using a regression technique (dual regression) that allows for voxel-wise comparisons of resting functional connectivity. This approach proceeds in 3 stages. First, the concatenated multiple fMRI data sets are decomposed using ICA to identify large-scale patterns of functional connectivity in the population of subjects. In this analysis, the data set was decomposed into 25 components, in which the model order was estimated using the Laplace approximation to the Bayesian evidence for a probabilistic principal component model. RSNs of interest were selected using spatial correlation against a set of previously defined maps (31) . The DMN was identified as the spatial map comprising prefrontal, anterior and posterior cingulate, lateral parietal, and inferior/middle temporal gyri; cerebellar areas; and thalamic nuclei and extending to MTL regions (21, 22) . The VC and SM RSNs were identified as the spatial maps comprising occipital regions (VC) and pre-and postcentral gyri (SM), respectively (31) . Second, the dual-regression approach is used to identify, within each subject's fMRI data set, subject-specific temporal dynamics and associated spatial maps. This involves (i) using the full set of group-ICA spatial maps in a linear model fit (spatial regression) against the separate fMRI data sets, resulting in matrices describing temporal dynamics for each component and subject, and (ii) using these time-course matrices in a linear model fit (temporal regression) against the associated fMRI data set to estimate subject-specific spatial maps. Finally, the different component maps are collected across subjects into single 4D files (1 per original ICA map, with the fourth dimension being subject identification) and tested voxel-wise for statistically significant differences between groups using nonparametric permutation testing (5,000 permutations) (55) . This results in spatial maps characterizing the between-subject/group differences.
These maps were thresholded using an alternative hypothesis test based on fitting a Gaussian/gamma mixture model to the distribution of voxel intensities within spatial maps (see ref. 31 for further details) and controlling the local false-discovery rate at P Ͻ 0.05. fMRI (Task). fMRI analysis was carried out using fMRI Expert Analysis Tool (FEAT) v. 5.98. Preprocessing consisted of head motion correction, brain extraction, spatial smoothing using a Gaussian kernel of FWHM of 5 mm, and high-pass temporal filtering equivalent to 130 s. Time-series statistical analysis was carried out with local autocorrelation correction. A boxcar convolved with a gamma hemodynamic response function, and its temporal derivative was used to model the data. The main contrast of interest was novel vs. familiar, but estimates of familiar vs. novel, novel vs. rest, and familiar vs. rest were also obtained for reference. fMRI volumes were registered to the individual's structural scan and standard space images using a nonlinear registration tool (FNIRT). These transformations into standard space were applied to images of contrasts of interest and their variances. Higher level (group level) analysis was carried out using FMRIB's Local Analysis of Mixed Effects (FLAME) (56) . To reduce effects attributable to outliers, an automatic outlier deweighting tool was also applied (57) .
The general linear model (GLM) included the 2 groups (APOE 4-carriers and noncarriers). We tested for group averages and differences between groups for each of the contrasts of interest. The Z statistic images were thresholded using clusters determined by Z Ͼ2.3, and a family-wise errorcorrected cluster significance threshold of P Ͻ 0.05 was applied to the superthreshold clusters.
Structural MRI. The complementary approaches of ROI and VBM were used to study GM and to relate it to APOE polymorphism.
Whole-brain analysis was carried out with FSL-VBM, a voxel-based morphometry style analysis (33), using default settings. In brief, brain extraction and tissue-type segmentation were performed, and resulting GM partial volume images were aligned to standard space using FMRIB's Linear Image Registration Tool (FLIRT) and then nonlinear (FNIRT) registration tools. The resulting images were averaged, modulated, and smoothed with an isotropic Gaussian kernel of 4 mm to create a study-specific template. Finally, voxel-wise GLM was applied using permutation nonparametric testing (5,000 permutations), correcting for multiple comparisons across space.
Perfusion MRI.
Resting perfusion maps in units of mL⅐100g⅐min were calculated using tools developed in-house (58) and interrogated using ROIs as defined below.
ROIs. Masks of the left and right hippocampi and frontal, temporal, parietal, and occipital lobes were created for each subject. Individual hippocampal ROIs were obtained using FMRIB's Integrated Registration and Segmentation Tool (FIRST), an automatic subcortical segmentation program. Boundary correction was used for the classification of the boundary voxels. ROIs were visually inspected in the coronal plane to ensure accuracy. ROIs were registered to functional coordinate space and used to extract BOLD percentage signal changes from fMRI data using Featquery (part of FSL). Only voxels with z Ͼ 0 were included. Hippocampal masks were registered to perfusion space to extract mean resting perfusion values for comparison between the 2 study groups. Lobar masks were created using the Harvard-Oxford brain atlas on a conventional standard image. Each mask was registered to each structural image and subsequently registered to each perfusion image.
Covariates. To determine whether BOLD contrast differences between the 2 groups were influenced by structural differences, structural images were used as covariates to interrogate fMRI data. GM images of each subject were extracted using FMRIB's Automated Segmentation Tool (FAST), registered in standard space, smoothed to match the fMRI data, demeaned within each group, and added to the model used to analyze fMRI data. Resting perfusion maps were also used as covariates to interrogate fMRI data. Each perfusion map was registered in standard space and then demeaned within each group.
Resting perfusion maps were used during group statistics in an analogous fashion to GM maps.
Statistics. Statistical analyses of nonimaging variables were carried out using SPSS software (SPSS, Inc.). For sociodemographic variables, brain structure volumes, memory performance, and reaction times, t tests were used. Exact Fisher's and Yates continuity correction was used for categorical variables (gender and family history of dementia). It was confirmed by 2 test that the genotype distribution of our sample reflected that expected in the normal white population.
